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Abstract
We present studies of mixed Coulomb crystals of 40Ca+
and 40Ca2+ ions in a linear Paul trap. Doubly charged
ions are produced by photoionisation of trapped 40Ca+
with a vacuum ultraviolet laser source and sympathet-
ically cooled via Doppler cooled 40Ca+ ions. We in-
vestigate experimentally and theoretically the struc-
tural configurations and the vibrational modes of these
mixed crystals. Our results with 40Ca2+ are an impor-
tant step towards experimental realization of the pro-
posals for mode shaping in a linear crystal and spin-
dependent configuration changes from zigzag to linear
as proposed by Li et al., Phys. Rev. A 87, (2013)
052304 and Phys. Rev. Lett 108, (2012) 023003 using
ions excited to Rydberg states.
1 Introduction
Trapped ions are among the most promising systems
for the realization of a quantum computer. While ex-
cellent control over single qubits [1], high fidelity en-
tangling of two qubits [2, 3], simple quantum algo-
rithms [4, 5] and entangling of up to 14 qubits [6] have
been demonstrated, the scaling to large numbers of
qubits remains challenging due to the increasingly com-
plex mode spectrum of large ion crystals.
Performing high fidelity quantum gate operations
even in long linear ion crystals [7] using optimized laser
pulses [8, 9] is an highly interesting yet challenging
approach to scale up the number of qubits available
for quantum information processing with trapped ions.
The idea of mode shaping has the potential to drasti-
cally simplify this approach since the complexity of the
mode spectrum can be significantly reduced. Such tai-
loring of vibrational modes may be possible employing
the unique properties of Rydberg states [10], where the
polarizability of the ion is strongly enhanced leading to
significant modifications of the radial trapping poten-
tial [11, 12].
Equally fascinating is the perspective of spin-
dependent trap-ion interactions exhibiting a strength
rivalling the Coulomb forces, such that structural con-
figuration changes of ion crystals are induced. Again,
Rydberg excitations have been proposed to induce such
a phase transitions [13] between a linear string and a
zigzag crystal. Hence, Rydberg excitation of ions may
be used to quench an ion crystal [14, 15], producing
a non-equilibrium situation and eventually even enter
the quantum regime [16] of this phase transition.
The experimental work presented here features im-
portant aspects of mode shaping using mixed crystals
with doubly charged ions instead of Rydberg excita-
tions. We investigate in detail radial modes and con-
figuration changes, thus providing a complete under-
standing of the mode shaping which would be required
for quantum gate operation. For the measurements we
benefit from the effectively infinite lifetime of 40Ca2+
ions as compared to a lifetime of about 100µs for a
Rydberg excitation. The presented experiments with
40Ca2+ ions can be considered as an important step
towards mode shaping experiments with Rydberg ex-
citations. Still, one important aspect of the proposed
mode shaping and ion crystal configuration is not cap-
tured: Only coherent Rydberg excitation would give
complete control over these effects, including superpo-
sition states.
We generate mixed Coulomb crystals consisting of
ions with a large difference in charge-to-mass ratio by
ionizing single 40Ca+ ions with a vacuum ultraviolet
(VUV) source [17]. The wavelength of the VUV source
can be changed from ionisation to Rydberg excitation
wavelength and a very similar excitation scheme is used
in both cases.
The paper is organized as follows: After describing
the experimental setup we introduce the photoionisa-
tion scheme for selectively ionizing trapped 40Ca+. In
the following we describe the frequency measurement
of various modes of mixed crystals and compare the
results to simulations. We also investigate structural
changes of the crystals, as depending on the trap pa-
rameters and the position of the 40Ca2+ ion. In a last
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Figure 1: Experimental setup showing the Paul trap with laserbeams for trapping, cooling and spectroscopy of
40Ca+ and the EMCCD detection system. The vacuum ultraviolet (VUV) generation is accomplished by four-
wave-mixing (FWM) in a Hg-vapour cell. The fundamental beams are frequency doubled by second-harmonic
generation (SHG), overlapped and focussed into the Hg-vapour. After the FWM region they are dispersively
separated from the VUV light with a MgF2 lens (f= 130 mm) and a tiny mirror. A second MgF2 lens (f=
125 mm) at a distance to the ions of about 240 mm, focusses and alignes the VUV beam to the ion crystal and
is used for vacuum separation between the ion trap and the FWM region.
section we investigate local modes created by a 40Ca2+
impurity in a longer ion chain.
2 Experimental setup
The ions are trapped in a linear Paul trap (Fig. 1, de-
scribed in detail in [11]) consisting of four cylindrical
electrodes (diameter 2.5 mm) and two endcaps (dis-
tance 10 mm) with holes (diameter 1 mm) to provide
axial optical access to the ions. The Paul trap is op-
erated with an rf-amplitude of Urf = 100 V - 200 V at
a frequency Ω/(2pi) = 10.66 MHz. An additional offset
voltage of Uof = -1.5 V is applied to the DC-electrodes
to lift the radial degeneracy of the trapping poten-
tial. The resulting trapping frequencies are ωx/(2pi)
= 150 kHz - 500 kHz and ωy/(2pi)= 450 kHz - 650 kHz
depending on the rf-amplitude. The endcaps are op-
erated at a DC voltage of 400 V which yields an axial
trapping frequency of ωz/(2pi) = 119 kHz.
The ions are produced by photoionisation with a
pulsed laser at 532 nm from a neutral atom beam of
40Ca. Ions are cooled and repumped by copropagat-
ing laserbeams at wavelengths of 397 nm, 866 nm and
854 nm. With a diode laser at 393 nm ions can be
optically pumped into the 32D5/2 state with nearly
100% efficiency. The level scheme of 40Ca+ ions in-
cluding important transitions and laser wavelenghts is
depicted in Fig. 2. All laser-beams are switched by
acousto-optic modulators (AOM) in double pass con-
figuration. Additionally, a stabilized (∆ν < 1 kHz)
Titanium:Sapphire (Ti:Sa) laser at 729 nm allows for
resolving motional sidebands on the quadrupole tran-
sition 42S1/2 → 32D5/2. As depicted in Fig. 1, there
are two spectroscopy beams available, one overlapped
with the Doppler cooling beam, having a projection on
all principle trap axes and one propagating through the
high numerical aperture (NA) camera lens. The latter
is tightly focussed to about 5µm and can be used for
addressing single ions in a bigger crystal.
The imaging system consists of a lens with focal
length 66.8 mm which maps the ion crystal via a folding
mirror on an EMCCD (Electron Multiplying Charge
Coupled Device) chip. The numerical aperture of 0.27
limits the theoretical resolution to 0.9 µm, the magni-
fication can be determined by comparison of simulated
and measured ion positions to a value of 17. The ex-
posure time for a single picture may be varied between
1 and 50 ms.
For single-photon ionisation a continuous wave co-
herent light source at 121.26 nm is used. A detailed
description of this laser can be found in [17, 11]. Coher-
ent VUV radiation at 121.26 nm is produced by triple
resonant four-wave mixing in mercury with three fun-
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damental waves at 254 nm, 408 nm and 540 nm (see
Fig. 2b). In the four wave mixing scheme the three
fundamental lasers are tuned close to the transitions
61S−63P [18], 63P−71S and 71S−121P in mercury, re-
spectively, which significantly increases the yield of
VUV power to about 1µW at 121.26 nm. The setup of
the VUV laser is shown in Fig. 1. The three fundmen-
tal beams are superimposed by dichroic mirrors and fo-
cussed into mercury vapour for VUV generation. The
fundamental beams are dispersively separated from the
VUV light with a MgF2 lens and a tiny mirror. With a
second MgF2 lens mounted on a 3D-translation stage
the VUV light is focussed and aligned to the trap. The
VUV radiation propagates through holes in the end-
caps of the trap and is detected with a photo multiplier
tube (PMT) behind the trap. The measured focus has
a width of ω0 ≈ 20µm.
For photoionisation of 40Ca+ we first load a lin-
ear string of three ions. The ions are pumped to the
32D3/2 state by laser light at 397 nm wavelength, be-
fore we apply ionization light near 121.26 nm. Since
a doubly-charged ion does not resonantly scatter light
near 397 nm a successful formation of 40Ca2+ is charac-
terized as a dark gap in the ion crystal. However, such
dark gaps may also result from loading of ions from ion-
ized background gas. In order to verify the ionization of
a 40Ca+ and to discriminate 40Ca2+ from accidentally
loaded ions of other species we check the length of the
crystal, which increases by 21% (≈ 8µm) for a 40Ca2+
ion in central position. To produce larger crystals with
an impurity ion we also start from a three ion crystal,
ionize one of the ions and finally load the desired num-
ber of additional 40Ca+ ions into the trap. This way
we make sure that the crystal contains a 40Ca2+ ion.
3 Vibrational modes of mixed
three-ion crystals
The 40Ca2+ impurity leads to modificated vibrational
modes compared to a 40Ca+ crystal. The broken sym-
metry of the crystal gives rise to radial modes which,
except for the rocking mode with 40Ca2+ in central po-
sition (↑ ◦ ↓), are no longer orthogonal to the center of
mass mode. Hence, modes can be excited by applying
a resonant radiofrequency to one of the DC-electrodes.
We concentrate on the radial modes of the crystal since
these are the most interesting for mode shaping. The
axial modes of a three-ion crystal with 40Ca2+ have
been measured previously by Kwapien et al. [19].
For frequeny determination the oscillation amplitude
of the ions with respect to the applied radiofrequency
at a constant rf-amplitude is measured. The oscillation
amplitude results in a smeard out fluorescence of the
ion and can be determined from the camera image. The
eigenfrequency of the mode is determined as the central
frequency of a gaussian, fitted to the oscillation ampli-
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Figure 2: a) Level scheme of 40Ca+ with transitions
at 397 nm used for Doppler cooling and detection,
repumping at 866 nm and 854 nm, spectroscopy at
729 nm and ionisation at 121.26 nm. The laser near
393 nm allows for pumping to the 32D5/2 state. b) Rel-
evant Hg levels used in the four wave mixing process.
The UV and blue lasers are fixed to the two-photon res-
onance 61S→ 71S, the VUV wavelength is determined
by the third laser.
tude as a function of the applied rf-frequency. We avoid
non-linear response [20] by keeping a low excitation am-
plitude. The simulated and measured frequencies are
shown in Fig. 3 and agree to about 1 kHz, the devia-
tion can be explained by errors in the determination
of the eigenfrequeny (0.5 kHz) and a drift of the trap-
ping potential between measurement and calibration
where the trap frequencies ωx,y,z are measured with a
single 40Ca+. The rf-amplitude Urf is not completely
constant but decreases slowly over time which leads to
the observed trapping potential drift of ∆ωx,y/(2pi) ≈
10 kHz over the course of a day. The highest frequency
modes where the 40Ca2+ exhibits an approximately 50
times higher oscillation amplitude than the 40Ca+ are
missing in the plot because they could not be measured
exactly. This is because the 40Ca2+ ion can not be de-
tected while the oscillation amplitude of 40Ca+ ions
remains small.
The zigzag mode of a crystal with 40Ca2+ in outer
position (Fig. 3c) is shifted to lower frequencies com-
pared to the zigzag mode of a three-ion 40Ca+ crystal,
while the zigzag mode of a crystal with 40Ca2+ in cen-
tral position (Fig. 3a) is shifted to higher frequencies.
This result agrees with the observed behaviour of the
zigzag transition in section 4.
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Figure 3: Measured and simulated frequencies of se-
lected modes of mixed ion crystals. Dots represent
measured values while lines are from numerical sim-
ulations. The small insets (a-c) show the modes which
where measured. For comparison the simulated fre-
quency of the zigzag mode (d) without 40Ca2+ is also
shown. (e) The oscillation amplitude of the ions is plot-
ted for different radiofrequencies. The eigenfrequency
is determind as the center frequency of a gaussian fit-
ted to the oscillation amplitude as a function of the
applied rf-frequency.
4 Structural changes in a three-
ion crystal by an 40Ca2+ impu-
rity
Assuming the well justified pseudo potential approx-
imation [21], a linear Paul trap is fully described
by a static potential in axial direction with angu-
lar frequency ωz = 2
√
qβ/M and a pseudopoten-
tial in radial direction with angular frequency ωr =√
2((qγ/(MΩ))2 − qβ/M) where q denotes the charge,
M the mass of the ion and γ, β the curvatures of the
electric potentials. By applying an offset voltage Vof
to the DC-electrodes an additional static electric po-
tential βrad is induced and the radial pseudopotential
reads:
ωx,y =
√
2((qγ/(MΩ))2 − qβ/M ∓ qβrad/M) (1)
The configuration of an ion crystal in this potential
is determined by the anisotropy parameters αx,y =
ω2z/ω
2
x,y. For tight radial confinement ωx,y  ωz the
ions form a linear string aligned on the z-axis. Low-
ering the radial confinement causes a phase transition
to a zigzag configuration at α = αcrit [23, 14, 15]. For
αx > αy this zigzag crystal is confined to the xz-plane
which prevents it from rotating around the z-axis.
From eq. 1 follows that the static (∝ √q/m) and
dynamic (∝ q/m) parts of the potential scale differ-
ently with q/m, resulting in a different α for 40Ca2+
compared to singly ionized calcium. The values of α
given in this work, always refer to the trapping frequen-
cies of singly charged 40Ca+. To measure the phase
transitions of different three-ion crystals the static po-
tentials β=14.7(2) kV/m2 and βrad=37(1) kV/m
2 are
kept constant, the values are determined from the os-
cillation frequency of a single trapped 40Ca+ ion. The
dynamic potential γ is varied using a rf-attenuator.
Measured and simulated configurations of the
Coulomb crystal are shown in Fig. 4. In the case of
a mixed ion crystal αcrit depends on the position of
the 40Ca2+ ion. We observe three different regimes:
For α < αcrit1 all crystals are linear strings, for
αcrit1 < α < αcrit2 only the crystal with
40Ca2+ in
outer position is in zigzag configuration while the oth-
ers are still linear and for α > αcrit2 the crystal with
a central 40Ca2+ ion is the last one remaining in the
linear configuration. We could not observe a zigzag
crystal with 40Ca2+ in central position at all, instead
the 40Ca2+ always moves to the outside for α αcrit2.
The theoretical predicted critical anisotropy parameter
for the three-ion 40Ca+ crystal αcrit2 = 0.42 and the
40Ca2+ at the outer position αcrit1 = 0.37 fits well
with the experiment.
In order to compare observed ion positions of the
three-ion crystal with the simulation, a coordinate con-
version is applied to the pictures. The line of sight
of the imaging system and the crystal plane normal
are under 45◦, so the scaling in x- and z-direction is
stretched by a factor of
√
2. Additionally a deviation of
3◦ between the crystals center line and the z-direction,
due to misalignment of the imaging system, has been
taken into account.
After this transformation, the deviation between
simulated and measured positions is below 1µm for all
pictures except for Fig. 4g with a deviation of 3.7µm
and Fig. 4h where a fit was not possible. Such de-
viation may be attributed to a drift of the trapping
potential which occurs between calibration and mea-
surement. The additional deviation in Fig. 4g can be
attributed to a small error in stray field compensation
so that the trapping potential minimum is shifted for
40Ca2+ compared to 40Ca+.
Close to the critical trap anisotropy, when α is barly
bigger then αcrit, the potential barrier between mir-
rored degenerate configurations is small enough to en-
able the ion to change configurations many times dur-
ing camera exposure time under Doppler cooling condi-
tions [22]. This results in a broadening of the detected
peak, as seen in of Fig. 4h and prevents exact determi-
nation of ion positions.
5 Local modes in linear crystal
with 40Ca2+ impurity
A long ion chain can be divided into separately oscil-
lating parts by impurity ions. Here we use a 40Ca2+
ion which is subjected to a much stiffer radial confine-
ment in the trap for the tailoring of radial modes. We
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Figure 4: Fluorescence images (a-i) of three-ion crystals, without 40Ca2+ ion and with 40Ca2+ ion in central
or outer position, for different anisotropie parameters. Simulated positions are indicated as black (40Ca+) and
red (40Ca2+) crosses. In (h) there are additional crosses in white (40Ca+) and green (40Ca2+) for the mirrored
configuration. The reason for slightly different α for crystals with (αmix) and without
40Ca2+ (αpure) is a drift
of the trapping potential between these measurements.
prepare a string of five 40Ca+ and one 40Ca2+ posi-
tioned as the third ion in the chain and excite the ra-
dial modes. We find that for each mode the oscillation
is almost completely restricted to either the upper or
the lower ions (see Fig. 5).
The measured frequencies and eigenvectors are
in good agreement with simulations. The eigen-
frequencies of the modes are 2pi×468 kHz (Fig.
5a), 2pi×463 kHz (Fig. 5b), 2pi×423 kHz (Fig.
5c) and 2pi×403 kHz (Fig. 5a) for trap frequen-
cies of ωz=2pi×119 kHz, ωx=2pi×480 kHz and
ωy=2pi×630 kHz for a single 40Ca+ ion. In addi-
tion to the measured modes shown in Fig. 5 there
is a mode at 2pi×1006 kHz where mainly the 40Ca2+
oscillates and a mode at 2pi×352 kHz where the
oscillation is localized to the lower subcrystal. Simu-
lations show that for the modes at 2pi×423 kHz and
at 2pi×403 kHz the oscillation amplitude on different
sides of the 40Ca2+ differs by a factor of ≈ 30 while
ions on the same sub-crystal have similar oscillation
strength. The results also show that the mode density
for the sub-crystals is much lower than for a string
of six 40Ca+ ions trapped in the same potential. The
minimal frequency separation for modes on the same
sub-crystal is 2pi×45 kHz compared to 2pi×15 kHz for
a pure 40Ca+ crystal.
(a) (b) (c) (d)
(e) (f) (g) (h)
Figure 5: Upper part: Fluorescence images of excited
local modes (a-d) in a linear string with 40Ca2+ impu-
rity. The local excitation of ions is observed from the
broadening of the ion image in radial direction. The os-
cillation amplitudes of the ions fit well to the simulated
eigenvectors of the modes (e-f).
5
6 Conclusion and outlook
We measured the mode-structure of mixed coulomb
crystals with three ions. The resulting eigenfrequen-
cies are in good agreement with values from numeri-
cal simulations. We observe the configuration of these
crystals the transition from linear to zigzag configura-
tion depending on the position of the doubly-ionized
ion. The positions of the 40Ca+ ions agree to 1µm
with values from numerical simulations. These results
confirm the proposed zigzag transition using Rydberg
excitation in a three ion crystal [13].
We observe localized modes created by dividing
longer ion chains with doubly-charged ions. In future
experiments such localized modes could possibly be ex-
ploited to implement parallel gate execution on differ-
ent parts of the ion string [10].
An exciting perspective for future experiments is the
possibility to use coherently excited Rydberg states.
The Rydberg excitation from the 32D5/2 state, to-
gether with the single ion addressing of the 42S1/2 →
32D5/2 transition, may allow for a full control over the
radial mode structure. In future, one may extend the
mode shaping to two-dimensional ion crystals with an
even more complex mode structure [24].
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